Abstract Glioblastoma multiform is one of the most common and aggressive primary brain tumors in adults. High glutamate levels are thought to contribute to glioma growth. While research has focused on understanding glutamate signaling in glioma cells, little is known about the role of glutamate between glioma and astrocyte interactions. To study the relationship between astrocytes and tumor cells, the CNS-1 rodent glioma cell line was used. We hypothesized increased glutamate uptake by astrocytes would negatively affect CNS-1 cell growth. Primary rodent astrocytes and CNS-1 cells were co-cultured for 7 days in a Boyden chamber in the presence of 5 mM glutamate. Cells were treated with propentofylline, an atypical synthetic methylxanthine known to increase glutamate transporter expression in astrocytes. Our results indicate astrocytes can increase glutamate uptake through the GLT-1 transporter, leading to less glutamate available for CNS-1 cells, ultimately resulting in increased CNS-1 cell apoptosis. These data suggest that astrocytes in the tumor microenvironment can be targeted by the drug, propentofylline, affecting tumor cell growth.
Introduction
Glutamate levels are tightly regulated in the brain under normal physiological conditions. It is a key molecule involved in metabolism and is the most abundant excitatory neurotransmitter in the nervous system. Glutamate transporters maintain the extracellular glutamate levels below excitotoxic amounts, preventing neuronal cell death [1] . Excitatory amino-acid transporter-2, EAAT2 (GLT-1 in rodents), accounts for over 90 % of this regulation [2, 3] , and astrocytes account for most of the EAAT2 expression in the human brain.
Glioblastoma multiforme (GBM) is characterized by high CNS glutamate levels. Microdialysis in both human and rodent models have identified glutamate levels ranging up to 200 mM in the brain with a glioma tumor [4, 5] . Recently, research has focused on understanding the biological significance of high glutamate levels in glioma. Glutamate release from glioma cells occurs though the X Camino acid transporter and acts in an autocrine and paracrine manner [6, 7] . High glutamate levels are known to increase glioma cell invasion, migration and growth [8] .
Studies in animal models have demonstrated that blockade of glutamate uptake in tumor cells by glutamate receptor antagonists results in decreased tumor growth [9] [10] [11] . Glutamate receptors, such as calcium-permeable alphaamino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPA-R), are highly expressed in human glioma cell lines. They are activated by released glutamate, and are essential for cell migration [7, 12] .
Glutamate transporters, contrary to receptors, are mostly expressed in glial cells and are involved in rapid removal of glutamate from the extracellular space. Reduced expression of glutamate transporters is present in human glioma tissue, which may also contribute to high glutamate levels [5, 6, 13] . Interestingly, an inverse relationship has been shown between the expression of the glutamate transporter EEAT2 (which is highly expressed in neighboring astrocytes compared to glioma cells) and tumor grade [14] . While research has focused on understanding glutamate signaling in glioma cells, there has been little investigation into the relationship of glioma and glutamate in the tumor microenvironment beyond its cytotoxic effects. In this study we investigated the relationship between primary rodent astrocytes and CNS-1 cells under the effects of the drug propentofylline (PPF), an atypical synthetic methylxanthine [1-(50-oxohexyl)-3-methyl-7-propylxanthine]. Our laboratory has previously shown that i.p. injection of PPF decreases tumor growth in a rodent glioma model by directly targeting the tumor microenvironment [15] . We demonstrated that PPF targets microglia; however, PPF is also known to have an effect on astrocytes in vivo and in vitro. Our lab has previously demonstrated that PPF increases the expression of glutamate transporters (GLT-1 and GLAST), resulting in an increase in glutamate clearance [16] . In the present study, we investigate the effects of PPF on astrocytes using a rodent glioma cell line. CNS-1 cells were chosen for their fast growth rate, invasive nature, and histological similarities to human GBM when administered into the rat striatum [17] . Our results demonstrate that astrocytes increase glutamate uptake through the GLT-1 transporter, leading to less glutamate available for CNS-1 cells, ultimately resulting in increased CNS-1 cell apoptosis.
Methods

Cell culture
Highly purified astrocyte cultures were prepared as previously described [16] . Briefly, cortices were harvested from postnatal day 2-3 (P2-P3) Lewis rat pups, minced and incubated with Trypsin/EDTA (Mediatech Manassas, VA). The supernatant was then replaced with DMEM (Mediatech, Manassas VA) supplemented with 10 % fetal bovine serum (Hyclone Logan, UT), 1.1 % GlutaMax (Invitrogen Carlsbad, CA), and 1 % penicillin/streptomycin (100 U/ml penicillin, 100 lg/ml streptomycin, Mediatech, Manassas, VA) containing 2000 units DNase (Sigma St Louis, MO). The tissue was mechanically disrupted by trituration, the cell suspensions were centrifuged, and the cells resuspended in media without DNase. A small aliquot of cells were stained for trypan blue exclusion for counting, then cells were plated at 1 9 10 6 cells per 75 cm 2 flask. Cultures were maintained at 37°C with 5 % CO 2 , and media was changed every 3-4 days. After 14 days in vitro (DIV 14) astrocytes were harvested by gently shaking flasks by hand for 1 min to remove microglia. Flasks were then vigorously shaken with PBS for 1 min, and then remaining adhered cells were trypsinized and collected. The resulting cells were found to be [95 % astrocytes by staining with GFAP antibody (1:500, Sigma St Louis, MO) and goat anti-mouse Alexa Fluor TM -555 secondary antibody. Cells were used immediately for experiments. The U-251 cell line was cultured in astrocyte media as described above. Human astrocytes were obtained from ScienCell (Carlsbad, CA) and cultured in astrocyte media (ScienCell Carlsbad, CA).
Trypan blue staining
Astrocytes were cultured for 3 or 7 days at 3 9 10 5 cells/ well in 12 transwell plates containing astrocyte media (DMEM (Mediatech, Manassas VA) supplemented with 10 % fetal bovine serum (Hyclone Logan, UT), 1.1 % GlutaMax (Invitrogen Carlsbad, CA), and 1 % penicillin/ streptomycin (100 U/ml penicillin, 100 lg/ml streptomycin, Mediatech, Manassas, VA)) with 5 mM glutamate. Cells were collected by scraping. Aliquots of 10 ll were collected from each well and counted under the hemocytometer. Three samples per well were counted and then averaged.
Small interference RNA knockdown
Small interference RNA (siRNA) oligonucleotides specific for GLT-1 (#1: UAACUUCAUGACAAUCUCGTT, #2:UCGUGGACAUGUAAUAUACAA) were validated by and purchased from Ambion (Grand Island, NY). Small interference RNA (siRNA) oligonucleotides specific for GLAST (#1: GCAUGUGCUUCCAAUAUGA, #2:UACA UAUUGGAAGCACAUGCCCACGA, #3: CCCGCUUCC UGCUCAAUGGUAA) were validated by and purchased from Invitrogen (Grand Island, NY). Transient transfection was carried out using iFect (Neuromics Edina, MN) as previously described [18] . Briefly, astrocytes were plated at 3 9 10 5 cells/well in a 12 well plate. Once cells had adhered, they were transfected with 1 lg siRNA. Control samples were treated with an empty vector siRNA (Sigma St Louis, MO) or with iFect reagent alone. Cells were left in astrocyte media containing 5 mM glutamate (10 % fetal bovine serum (Hyclone Logan, UT), 1.1 % GlutaMax (Invitrogen Carlsbad, CA), and 1 % penicillin/streptomycin (100 U/ml penicillin, 100 lg/ml streptomycin, Mediatech, Manassas, VA)) at 37°C with 5 % CO 2 overnight and then used the following day for experiments. For experiments requiring knockdown for 7 days, astrocytes were treated with siRNA twice (day 0 and day 3).
Quantitative RT-PCR Total RNA was isolated from astrocyte cultures using the Qiagen RNeasy mini-kit (Qiagen, Valencia, CA), according to the manufacturer's protocol for isolation of total RNA from animal cells. Reverse transcription (RT) was carried out using QuantiTect reverse transcription kit (Qiagen, Valencia, CA) according to the vendor's protocol. Real-Time RT-PCR reactions were carried out in a total reaction volume of 25 lL containing a final concentration of 1.5 U Platinum Taq DNA polymerase (Invitrogen); 20 mM Tris-HCl (pH 8.4); 50 mM KCl; 3 mM MgCl 2 ; 200 lM dGTP, dCTP, and dATP; 400 lM dUTP and 1 U of UDG (uracil DNA glycosylase); 900 nM of forward and reverse primers; 300 nM Taqman probe; and 5 lL of cDNA (50 ng) from the RT step. Primer and probe sequences for the genes of interest (GLT-1, GLAST, and GAPDH) were purchased from Invitrogen (Grand Island, NY). The iCycler TM Multicolor Real-Time PCR detection system (Bio-Rad) was used to quantify PCR product. The fluorescence and threshold values (C T ) obtained were used to compare the relative amount of target mRNA in experimental groups to those of controls using the 2(-DDC T ) method [19] . Each experiment was run thrice and samples were run in duplicate. For each sample, the mean C T value for the control gene (GAPDH) was then subtracted from the mean C T value for the gene of interest (GLT-1, GLAST) to obtain a DC T value. The DC T values for the control group (untreated) were then averaged and subtracted from the DC T for the experimental groups to obtain the DDC T . The relative fold change from control was then expressed by calculation of 2(-DDC T ) for each sample and the results are expressed as the group mean fold change ±SEM relative to GAPDH.
Flow cytometry
CNS-1 cells were first labeled with 10 lM cytofluorescein ester (CFSE) (Sigma St Louis, MO) at a concentration of 3 9 10 5 cells per 1,000 ll of PBS at 37°C for 10 min. CNS-1 cells were then incubated at 37°C in 24 well plates for 3 days (Falcon Franklin Lakes, NJ). For FACS staining, cells were trypsinized, washed and stained on ice in PBS for 30 min. Fc receptors were blocked using FBS for 15 min before staining. For apoptosis, Annexin V FITC and PI apoptosis kit was used for staining (eBioscience San Diego, CA). All flow cytometry experiments were performed on a FACSCanto (BD Bioscience Franklin Lakes, NJ).
Immunocytochemistry
Primary rat astrocytes were plated onto sterile 18 mm glass cover slips at the bottom of a Boyden chamber with CNS-1 cells cultured on top of the transwell chamber. Cover slips were collected on different days. After three washes in PBS, cells were permeabilized in 5 % glacial acetic acid/ 95 % ethanol (acid-alcohol) for 10 min. After washing, cells were incubated in a 1 % normal goat serum for 30 min and then 1 h at room temperature in primary mouse anti-GFAP (1:500, Sigma St Louis, MO) and rat anti-CDllb (1:500, Abcam Cambridgeshire, UK). The following day cells were washed and then incubate for 2 h at room temperature with goat anti-mouse Alexa Fluor TM -555, goat anti-rat Alexa Fluor TM -488 (all at 1:250). Finally, cells were post-fixed in acid-alcohol and mounted with Vectashield (Vector Labs, Burlingame, CA) containing 4 0 ,6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI, Sigma, St Louis, MO) to visualize cell nuclei. The sections were examined with an Olympus fluorescence microscope, and images were captured with a Q-Fire cooled camera (Olympus, Melville, NY). Confocal microscopy was performed using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss AG, Oberkochen, Germany; Englert Cell Analysis Laboratory, Dartmouth Medical School). Merged color images were processed using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).
Glutamate levels
Rodent or human astrocytes, CNS-1 cells, U-251 cells or co cultures were cultured in 96 well flat bottom plates. Cells were plated in complete media with 5 mM glutamate as described in the Cell Culture subsection above. At various time points, supernatant was collected and analyzed for residual glutamate using the protocol described by the manufacturers (Amplex Ò Red Glutamic Acid/Glutamate Oxidase Kit, Invitrogen Grand Island, NY). A Typhoon 9410 (GE New York, NY) was used to image fluorescence and ImageJ (NIH) software was used to calculate glutamate concentrations based on a known glutamate concentration curve.
Statistical analysis
All values are expressed as mean ±S.E.M. Statistical analyses were performed with GraphPad Prism 4 (GraphPad Software Inc. La Jolla, CA) with the significance level set at p \ 0.05. One-way ANOVA with Dunnett's post hoc analysis was used for all apoptosis experiments.
Materials
Propentofylline was purchased from Toronto Research Chemicals (North York, ON) and concentrations were obtained by dissolving PPF in PBS.
Results
CNS-1 cells proliferate and preferentially grow in glutamate containing media
It has been previously reported in both animal and human cells lines that glutamate increases glioma tumor cell proliferation [9] . To study the relationship of astrocytes and glioma cells, we first needed to confirm that glutamate increases proliferation of CNS-1 cells. With increased glutamate levels in the media, the number of CNS-1 cells significantly (p \ 0.05) increased after 3 days compared to no glutamate present (Fig. 1a) . This was further confirmed by CFSE proliferation, which demonstrated an increase of CNS-1 cell proliferation in the presence of 5 mM glutamate compared to no glutamate (Fig. 1b) .
While glioma cell lines can be grown without additional glutamate in the media in vitro, growth is inhibited when glutamate uptake is blocked in vivo. To test if CNS-1 cells develop a dependent growth in the presence of glutamate, CNS-1 cells were grown in 5 mM glutamate for 7 days and then replaced with media containing lower or no glutamate and assessed for cell viability with trypan blue staining. A significant (p \ 0.05) decrease in the percentage of CNS-1 viable cells occurred when glutamate was removed after 7 days (Fig. 1c) . The decrease in cell viability was dose dependent in response to a decrease in glutamate concentration, further supporting preferred and dependent growth in the presence of glutamate (Fig. 1c) .
Propentofylline increases Annexin V expression on CNS-1 cells when co-cultured with astrocytes
The relationship between astrocytes and CNS-1 cells in the presence of glutamate was examined following PPF treatment. Primary rodent astrocytes and CNS-1 cells were cocultured for 7 days in a Boyden chamber in the presence of 5 mM glutamate and treated with PPF. An increase in Annexin V ? CNS-1 cells occurred with increasing doses of PPF (0.001 lM-100 lM). A significant increase in Annexin V apoptosis was achieved at 1 lM PPF (p \ 0.05) (Fig. 2a) . Of note, a significant increase in apoptosis with PPF treatment did not occur until day 5 in culture, with the highest increase at day 7, supporting the need for CNS-1 cells to first develop growth dependency in the presence of glutamate (Supplemental Fig. 1b) . Apoptosis with PPF treatment was not seen when astrocytes or CNS-1 cells were cultured alone, indicating both primary astrocytes and CNS-1 cells must be present for PPF's effects (Fig. 2c, e) . This was further confirmed by immunocytochemistry staining performed on different days to rule out the possibility of a contaminating cell population in the primary astrocytes ( Supplemental Fig. 1a) .
Propentofylline decreases residual glutamate in media
To determine whether the observed increase in apoptosis corresponds with a decrease in glutamate, glutamate levels were tested after 7 days of PPF treatment in 5 mM glutamate. A significant decrease in residual glutamate was observed in astrocyte and CNS-1 co-cultures (Fig. 3a) . An almost 50 % reduction occurred with 10 lM PPF compared to media (Fig. 3a) . A similar percent reduction occurred when astrocytes were cultured alone with PPF treatment (Fig. 3b) . There was no decrease in residual glutamate in media when CNS-1 cells were cultured alone with PPF treatment, indicating PPF's primary effect was on astrocytes and not CNS-1 cells (Fig. 3c ).
Propentofylline's effects on apoptosis are inhibited with GLT-1 blockade in astrocytes Our laboratory has previously shown that PPF increases glutamate uptake in primary rat astrocytes by increasing GLT-1 and GLAST expression both by mRNA and western blot analyses. To investigate whether an increase in GLT-1 and/or GLAST expression in primary astrocytes results in decreased glutamate levels in media and ultimately CNS-1 cell apoptosis, astrocytes were treated with siRNA against GLT-1 or GLAST (Supplemental Fig. 2 ). Combined siR-NA treatment was found to be the most effective knockdown of GLT-1 and GLAST expression and subsequently used for the apoptosis study (Supplemental Fig. 2 ). After siRNA knockdown of GLT-1 and GLAST, astrocytes were then co-cultured with CNS-1 cells and treated with 10 lM PPF for 7 days. Cells treated in media (without PPF treatment) were significantly lower in Annexin V
? staining compared to both negative siRNA and no siRNA with PPF treatment (p \ 0.05) (Fig. 3d) . When GLT-1 was knocked down in astrocytes, apoptosis by Annexin V ? was significantly reduced compared to negative siRNA (* p \ 0.05) (Fig. 3d) . Although GLAST inhibition showed a trend towards a decrease in apoptosis, it was not statistically significant (Fig. 3d) .
Propentofylline increases Annexin V expression on U-251 cells and decreases residual glutamate when cocultured with human astrocytes While the CNS-1 cell line may display many similarities with human glioma there are several differences between human and rodent glutamate transporters [17, 20] . To test the potential translation to humans, we co-cultured adult human astrocytes with U-251 cells in 5 mM glutamate and treated with PPF. PPF significantly increased Annexin V ? staining in U-251 cells (Fig. 4a) . This effect was not seen when astrocytes or U-251 cells were cultured alone (Fig. 4c, e) . Furthermore, PPF decreased residual glutamate in media when human astrocytes were cultured alone or with U-251 cells (p \ 0.05) (Fig. 5a, b) . This effect did not occur when U-251 cells were cultured alone with PPF (Fig. 5c) .
Discussion
In this study we demonstrate that increasing glutamate uptake by GLT-1 in neighboring astrocytes increases Anenxin V expression in CNS-1. Propentofylline has previously been reported to increase GLT-1 in astrocytes and we further report that primary astrocytes are preferentially targeted compared to the tumor cell lines. This may be due to the low expression of GLT-1 in glioma cell lines [14, 21] . Microarray analysis of glioma tissue further supports this observation of low GLT-1 expression in tumor cells [14] . By increasing glutamate transporter expression using PPF, we demonstrate a decrease in media glutamate levels. Our data further support the role of glutamate in glioma cell proliferation and growth. Since GLT-1 is responsible for over 90 % of glutamate regulation in the brain, it is not surprising that this glutamate transporter has a more influential role in inducing CNS-1 cells apoptosis, compared to GLAST. In further support of this, immunohistochemistry and sub-cellular fractionation of human glioma tissue demonstrate reduced GLT-1, but normal GLAST levels in glioma patients [13] . This paper focused on the role of GLT-1 and GLAST, which are the primary Glutamate increases glioma proliferation and their invasive potential in vitro [11, 22] . Importantly, blockade of glutamate uptake in animal models induces cell death [10] . Beyond increasing glioma growth, high glutamate levels result in increased cytotoxicity of neighboring cells, creating more space for tumor cells to invade and resulting in neuronal death. Impairment of glutamate transporters, which occurs under disease conditions, may contribute to high glutamate levels. Antisense oligonucleotides against GLT-1 as well as GLT-1 knockout mice demonstrate increased neuronal damage as a result of high glutamate [23, 24] . Reduced expression of glutamate transporters is present in human glioma tissue [5, 6, 13] . Targeting glutamate levels in glioma patients may inhibit tumor growth as well as decrease neuronal death.
We demonstrate here that PPF decreases residual glutamate in media. The use of rodent cells is a clear limitation in this study. While animal cell lines may share many features with human glioma cells, they do not represent the heterogeneity expressed in human tissue. Induction of apoptosis with PPF was confirmed using human astrocytes and a human glioma cell line, however, this work was performed in vitro. Our data supports the concept that targeting ? primary human astrocytes cultured alone for 7 days and treated with PPF. f Representative FACS plots (media and 10 lM PPF) of Annexin V and Propidium Iodide staining in primary human astrocytes. Data are representative of 3 replicates/experimental group; experiment was repeated twice glutamate levels in the tumor environment can lead to tumor cell death. We believe PPF can be a novel therapy for glioma and this paper suggests decreasing glutamate levels in the tumor microenvironment as one of PPF's mechanisms. Further work must be conducted to support the role of GLT-1 as a novel therapeutic target. Future experiments will investigate the role of GLT-1 in astrocytes in vivo and further elicit the apoptosis signaling pathway. The mouse model lacking GLT-1 receptors will be used to study the impact of GLT-1 in the tumor microenvironment on glioma growth [27] . Astrocytes are only one component of the tumor microenvironment and other cell types such as microglia and endothelial cells can influence glutamate levels [25, 26] . This work also establishes the need to further investigate the mechanisms and role of primary astrocytes in glioma invasion and migration.
In summary, these results further supports the dynamic relationship between astrocytes and glioma cells and demonstrate that astrocytes can be preferentially targeted to increase glutamate uptake from glioma cells. We have previously demonstrated that PPF decreases tumor growth in the CNS-1 rat glioma model by decreasing microglial migration and expression of MMP-9 [15] . Here we present another mechanism of PPF's action in astrocytes. While past research has identified glutamatergic receptors to be involved in glutamate signaling in glioma cells, we present a decrease in glutamate is also achieved by targeting GLT-1 in astrocytes with PPF. 
